The factors responsible for the establishment and regulation of the microbial populations which normally inhabit man and animals are not understood. It is known, however, that the indigenous microbiota colonizing the mucous membranes of mammals differs from species to species (Rogosa, Johansen, and Disraely, 1957; Bryant, 1959; Macdonald, Socransky, and Sawyer, 1959; Gibbons et al., 1963) and from site to site in the same species (Rosebury, 1962) . It is not understood why these differences exist. Alterations of the local environment mediated by differences in diet, pH, Eh, coprophagy, antibacterial secretions, and microbial interactions have been assumed to account for the differences. Although variations in environment do exist, there is little evidence to indicate that they are responsible for the observed differences in composition of the microbiota.
The purpose of the present investigation was to determine whether bacteria indigenous to a specific site on the mucous membranes of man could be established in germ-free mice.
It was hoped that the factors found to be necessary for establishment of human bacteria in rodents would be similar to those operative in man. In addition, an experimental animal harboring defined segments of the bacteria indigenous to man would provide a new approach for studying the significance of these organisms.
MATERIALS AND METHODS
Organisms employed. The composition of the predominant cultivable microbiota present in the gingival crevice area of man has been determined (Gibbons et al., 1963) . Organisms representative of the predominant groups of bacteria present in this site were selected for use in the present investigation. These were Streptococcus mitis, a Peptostreptococcus, a facultative and an anaerobic diphtheroid, Staphylococcus albus (Rosebury, 1962) , an unclassified Bacteroides strain, Veillonella alcalescens, B. melaninogenicus, Fusobacterium fusiforme, Treponema microdentium, Vibrio sputorum, and B. oralis (Loesche, Socransky, and Gibbons, 1964) . In some experiments, a strain of Escherichia coli which was isolated from human feces was utilized.
Cultural techniques. B. melaninogenicus was maintained by weekly transfer on heart infusion blood agar plates supplemented with 0.5 Aug/ml of menadione and in Trypticase yeast extract broth as described by Gibbons and Macdonald (1960) . T. microdentium was maintained by weekly transfer in PPLO broth (BBL) supplemented with glucose, nicotinamide, spermine, isobutyrate, cysteine, and cocarboxylase . The remaining organisms were transferred weekly on Heart Infusion Agar (Difco) supplemented with 10% defibrinated horse blood and in Brewer Thioglycollate broth (Difco). Each organism was tested for surface growth in the following atmospheres: (i) air; (ii) 10% CO2, 90% air; (iii) 10% CO2, 5% 02, 85% N2; (iv) 10% CO2, 90% H2. For routine cultivation, all organisms were incubated anaerobically at 35 C in Brewer jars filled with 10% CO2, 90% H2 .
Preparation of inocula. Broth cultures (24 hr) of Streptococcus mitis and broth cultures (72 hr) of T. microdentium were utilized; the remaining organisms were grown in broth for 48 hr. Samples of 5 ml of each culture were placed into duplicate sterile glass ampules which were then sealed with a Bunsen flame.
The inoculum containing ten organisms representative of the groups of predominant cultivable bacteria present in the gingival crevice area of man was based on the proportions that each organism averaged in vivo. The optical density was determined for each culture; appropriate volumes of each were combined, centrifuged, resuspended in 10 ml of Brewer Thioglycollate broth, and distributed into duplicate ampules as described. It was assumed that the optical density would provide a sufficiently accurate means of standardizing the organisms.
Inoculation of animals. The duplicate sealed ampules were taken into the isolators through a peracetic acid-sterilized entry lock. One of the ampules was opened, and its contents were swabbed into the oral cavity and onto the skin of the animals, as well as distributed in the animals diet. The second sealed ampule was removed from the isolator, and its contents were examined by cultural techniques as described below to determine the viability of each organism present.
Determination of establishment of each organism.
Fecal and cecal samples, as well as swabbings from the oral cavity, were taken at periodic intervals and were either streaked directly on appropriate media or homogenized in phosphate buffer (pH 7.2) in a glass tissue grinder. Dilutions of the suspension were prepared in buffer, and samples were spread on the surface of agar plates by use of a fine glass rod. In mono-or dicontaminated animals, establishment of the organisms was determined by use of the culture media and techniques described for their maintenance.
The identification of each organism present in complex mixtures was determined as follows. B. melaninogenicus was identified on the basis of black pigment formation on blood-agar plates containing menadione. Veillonella alcalescens was determined by its growth on Rogosa lactate medium (Rogosa et al. 1958) and was confirmed by Gram-stained smears. F. fusiforme was distinguished by its colonial and cell morphology. T. microdentium was sought by direct dark-field microscopic examination and by inoculation into spirochete well plates (Rosebury and Foley, 1941 GIBBONS, SOCRANSI spread in duplicate on the surface of Heart Infusion blood agar and on EMB Agar plates. The blood-agar plates were incubated anaerobically at 35 C for 24 hr. In some instances, freshly voided fecal samples were removed from the isolator, and the organisms present were determined in a similar manner. To determine the total number of organisms present on the teeth and supporting structures, these tissues were removed by use of sterile Rongeur forceps and were ground with buffer in a glass tissue grinder. The volume of the suspension was adjusted to 10 ml, and serial dilutions were prepared. The number of organisms obtained was expressed on a per jaw basis rather than on a per gram basis, as were the fecal and cecal samples.
Maintenance of animals. Germ-free mice (Charles River strain) were housed either in steel isolators (RSU 500; Reyniers and Sons, Inc., Chicago, Ill.) or in flexible plastic isolators (Standard Safety Equipment Co., Palatine, Ill.) with the use of standard gnotobiotic techniques described by Reyniers (1959) and by Trexler (1959) . Animals of either sex ranging in age between 6 weeks and 8 months were utilized. Unless noted otherwise, the animals were maintained on Purina diet 5010. In some instances, Keyes (1960) 2000 diet was substituted. Each kilogram of the latter diet was supplemented with the following: a-tocopherol acetate, 250 mg; menadione, 100 mg; thiamine, 60 mg; pyridoxine*HCl, 20 mg; calcium pantothenate, 300 mg; nicotin-KY, AND KAPSIMALIS amide, 100 mg; biotin, 1 mg; vitamin B12, 0.1 mg; p-aminobenzoic acid, 50 mg; riboflavine, 30 mg; folic acid, 10 mg. Both diets were sterilized by autoclaving at 127 C for 25 min. The germ-free animals were routinely checked for sterility by examining samples of water, bedding, diet, and feces at weekly intervals. The samples were cultured on Heart Infusion-blood agar plates and in Brewer Thioglycollate broth, both aerobically and anaerobically at 35 C. In addition, Gram-stained smears prepared from fecal samples were examined by direct microscopy.
RESULTS
Establishment of organisms individually. Groups of five germ-free mice were used for each organism tested. Their establishment as monocontaminants was determined 1 and 2 weeks after inoculation. All organisms which failed to become established were reinoculated a second time, and their establishment was again determined. Growth of each organism in the atmospheres tested, as well as their establishment in the animals, is summarized in Table 1 . The three facultative strains became established in the animals, as did three of ten anaerobes tested. In all instances, examination of the duplicate inoculum ampule indicated that the organisms were viable at the time of inoculation. These data indicate that not all bacteria can become established in pure culture in germ-free mice, and that at least some obligate anaerobes can Table 2 . The proportion of each organism was based on its approximate proportion in gingival crevice debris (Gibbons et al., 1963) . The mixture was inoculated intraorally into 15 germ-free mice. It was found that 2 days after inoculation S. albus predominated in both fecal samples and swabbings from the oral cavity. From 4 to 60 days after inoculation, fecal samples indicated the presence of the nonpigmented Bacteroides strain (K92), the facultative and anaerobic diphtheroids, and Veillonella alcalescens, in addition to the Staphylococcus (Table 2) . Streptococcus mitis could be detected only infrequently during this period, and then in low numbers. After 60 days, the animals were reinoculated with a mixture containing this organism as well as those which had failed to become established. Cultural examination revealed that all organisms, with the exception of B. melaninogenicus and T. microdentium, were present in the animals. Both of these organisms were subsequently introduced on two occasions into these animals, but they still failed to become established. Additional germ-free mice were introduced into the isolator and were found to acquire all eight organisms. The defined microbiota was found to persist in the animals for over 1 year.
It should be noted from Tables 1 and 2 that the Peptostreptococcus and the Veillonella became established in association with other bacteria, but failed to do so as monocontaminants.
Effect of defined microbiota on the establishment of E. coli. E. coli represents only 0.1 to 1.0% of the cultivable intestinal microbiota of man (Zubrzycki and Spaulding, 1962) . This organism has not been reported present in human gingival debris, and it either is absent or comprises less than 0.001% of the cultivable bacteria present in saliva (Richardson and Jones, 1958) . It is assumed that the oral microbiota is responsible for preventing the establishment of E. coli in this site. Pure cultures of E. coli were inoculated by intraoral swabbing into five germ-free mice harboring the defined microbiota, as well as five mice which had been inoculated with human gingival debris. Fecal samples were collected from the animals 2, 5, and 9 days after inoculation. The total number of cultivable bacteria per gram of fecal material, as well as the number of E. coli present, was determined. Fourteen days after inoculation, the animals were sacrificed, and the number of E. coli and total cultivable bacteria was determined in the jaws cecal contents and fecal material. As early as 2 days after introduction, E. coli was found to be present in large numbers in fecal samples from both groups of animals ( Attempts to establish T. microdentium. Since T. microdentium did not become established as a monocontaminant in the animals or when inoculated in association with the eight organisms listed above, further attempts were made to establish this organism. The in vitro cultivation of this organism was shown to be dependent upon a diphtheroid (strain JB3B) and a Fusobacterium (strain JF5) . These two supporting organisms were inoculated together with T. microdentium intraorally into five germ-free mice. The two supporting organisms became established; however, T. microdentium did not. Repeated inoculation of these same animals with pure cultures of T. microdentium was also unsuccessful. Because this organism was reported to be uniquely sensitive to oxygen (Socransky, Macdonald, and Sawyer, 1959) , agar cultures of the organism were emulsified and inoculated intraorally and also by rectal intubation by use of a fine polyethylene canula into mice harboring the two supporting organisms. However, T. microdentium could not be detected by cultural or dark-field microscopic examination, even though viable spirochetes were demonstrated in the duplicate inoculum ampules at the times of inoculation. To see whether establishment of spirochetes was dependent upon the presence of unknown gingival bacteria, a group of 20 germ-free mice was inoculated three times a week for 2 weeks with freshly collected human gingival debris. Although spirochetes could be demonstrated in the inocula, none could be detected in oral swabbings or fecal material from the animals. Intraoral inoculation of these animals with pure cultures of T. microdentium was also unsuccessful in establishing this spirochete.
To determine whether the animal's diet or feces were inhibitory to the growth of T. microdentium, samples of each were incorporated into a complete medium as well as tested for their ability to support spirochetal growth alone. The diet or feces from the polycontaminated animals were added to distilled water or basal medium to give concentrations ranging from 0.3 to 10%. The suspensions were either clarified by centrifugation and filter-sterilized or autoclaved at 121 C for 15 min. Filter-sterilized cysteine and cocarboxylase were added to each tube to complete the medium. A 0.5-ml portion of a young culture of T. microdentium was introduced, and the tubes were incubated anaerobically for 5 days at 35 C. Growth was estimated by dark-field examination. It was found that the diet or feces were not inhibitory when added to a complete medium, and were capable of supporting limited spirochetal growth alone at 10% concentration. Fitzgerald, Hampp, and Stanley (1960) previously noted that spirochetes failed to survive when inoculated parenterally into germ-free guinea pigs.
Establishment of B. melaninogenicus in germfree mice. Since B. melaninogenicus failed to become established in the above experiments, additional attempts were made to establish this organism in germ-free mice. Two strains with different nutritional requirements were employed. The first strain (K11O) required hemin and a naphthoquinone for growth, whereas the second strain (CR2A) required only hemin for growth (Sawyer, Macdonald, and Gibbons, 1962) . The naphthoquinone requirement of strain K110 was shown to be satisfied by culture filtrates of an oral diphtheroid (strain JR3) in vitro (Macdonald, Sutton, and Knoll, 1954; Gibbons and Macdonald, 1960) . B. melaninogenicus strain K110 was inoculated intraorally together with the facultative diphtheroid (strain JR3) into a group of five germ-free mice. It was found that the facultative diphtheroid became established in the mice, but B. melaninogenicus failed to do so. B. melaninogenicus (strain K110) was reinoculated into these monocontaminated animals by intraoral swabbing, rectal intubation, and direct injection into the enlarged cecum. Examination of fecal material and oral swabbings indicated that the organism did not become established. To satisfy the hemin requirement of the organism, hemin at a concentration of 100 ,Ag/ml was added to the animals' drinking water. In addition, 250 ml of horse blood were added per kg of diet, and the gingiva of the mice was traumatized to induce bleeding. Attempts to establish B. melaninogenicus (strains K110, CR2A) were still unsuccessful.
To determine whether unknown oral bacteria were required for the establishment of B. melaninogenicus, a group of 20 germ-free mice was inoculated intraorally three times a week for 2 weeks with freshly collected human gingival debris. B. melaninogenicus is known to be ubiquitously present in this material (Burdon, 1928; Socransky et al., 1963) . It was found that the flora which became established did not include B. melaninogenicus.
Inhibitory substances which could be responsible for preventing the establishment of B. melaninogenicus were sought. Filter-paper discs were saturated with pilocarpine-stimulated saliva obtained from germ-free mice. The discs were placed on the surface of blood-agar plates which had been heavily inoculated with B. melaninogenicus (strains K110, CR2A). No zones of inhibition could be detected. Small zones of inhibition, however, could be observed when cecal or fecal material was placed on similar plates. Aqueous extracts (10%) were prepared by homogenizing samples of feces, cecal contents, and diet in water. These extracts were clarified by centrifugation and sterilized by filtration. Extract (4 ml) was added to tubes containing 2 ml of triple-strength basal medium. Tubes were inoculated and were then incubated anaerobically for 48 hr. Control tubes received 4 ml of water in place of extract. All three extracts proved effective in inhibiting growth of B. melaninogenicus.
It seemed likely that the inhibitory effect observed in the fecal and cecal contents was derived from the diet. Because Purina diet 5010 is composed of a wide variety of natural products, a less complex diet (Keyes 2000; Keyes, 1960) was substituted. B. melaninogenicus failed to become established in mice fed this diet for 2 weeks prior to inoculation, as well as during the course of the experiment. Aqueous extracts (10%) of this diet also proved inhibitory when tested in broth cultures as described above. The observation that three of ten obligately anaerobic bacteria established as monocontaminants in the animals indicates that not all obligately anaerobic bacteria require the presence of facultative organisms for proliferation, as was assumed previously. Germ-free animals should not be considered an ideal culture medium for fastidious microorganisms, as proposed by Luckey (1963) , since 7 of 13 strains tested failed to establish as monocontaminants. The microenvironments provided by the mouse do not appear to be markedly different from those provided by man, since no evidence suggesting the presence of unknown antimicrobial secretions in the mouse was obtained.
From the data obtained in the present investigation, one need not conclude that the microbiota which can be observed in an animal is inevitable. The recent studies of Fitzgerald and Keyes (1960) demonstrate that it is possible to make significant changes in the oral flora of hamsters simply by exposure to appropriate organisms. In addition, Dubos and Schaedler (1960) demonstrated that it is possible to maintain colonies of "pathogen-free mice." The present investigation indicates that human indigenous bacteria can be established in rodents. Therefore, it is still not clear why differences exist in the microbiota which inhabit various species of animals and man. One may speculate that the characteristic microbiota of each animal is acquired, at least in part, by evolutionary accident. Once present, it would tend to become stabilized through intimate association with the host, and be transmitted from parent to offspring. The resulting resident microbiota would resist colonization by exogenously introduced organisms.
The present study provides a basis for attempting to establish a microbiota similar to that of man in a rodent. Successful establishment and persistence of a "human microbiota" would support the hypothesis that the indigenous microbiota is acquired, at least in part, by evolutionary accident. Such animals would provide an invaluable tool for studying the effects of human indigenous bacteria upon a mammalian host under controlled conditions.
